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Abstract
The polarization of the VUV light generated by four-wave sum frequency mixing
process ω4 = 2ω1+ω2 in mercury vapor at room temperature is analyzed in detail.
Due to the specific two-photon transition used to enhance the nonlinear process,
the polarization of the VUV wave is shown to be identical to the polarization of the
wave at the frequency ω2. In particular, circularly polarized VUV is observed with
degree of circular polarization exceeding 0.99.
PACS: 42.65 Pc, 42.25 Ja
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1 Introduction.
Vacuum ultra-violet (VUV) light with a high and well known degree of polarization, in
the 10 eV range (∼ 125 nm), is a powerful tool for a large amount of investigations.
Many important properties of various materials may be revealed by experiments using
either linearly or circularly polarized VUV radiation. For example, linear polarized VUV
light is useful for the study of anisotropic properties of oriented samples [1]. A method
such as linear dichroism is extremely sensitive for analyzing diﬀerential absorption of
oriented molecules [2]. Moreover, for measurement of optical constants, ellipsometry
technique is now becoming available to the VUV region [3]. The first reported spectro-
scopic ellipsometry study above 6 eV was using linearly polarized synchrotron radiation
and triple-reflexion polarizers [4]. Energetic polarized light is also convenient to obtain
vectorial information on photodissociative excitation processes through measurement of
fluorescence anisotropy of excited fragments [5]. It can be used to control the reaction ge-
ometry of small encounters when one of the reactants is generated by a photodissociation
process [6]. With circularly polarized radiation, fundamental information about electronic
structures are accessible. Circular dichroism is an extremely useful tool for investigating
the electronic properties of optically active molecules. It is particularly sensitive to the
conformation structure of molecules [7, 8] and gives the possibility of obtaining diﬀerent
populations of left vs the right-handed excited molecular states of enantiomers of a chiral
molecule [9]. Polarized radiation at 10 eV is also of interest for photoelectron spectroscopy
which is highly selective to the state symmetry. Right and left-handed circularly polarized
radiation will produce spin-polarized electrons from single crystal and gases [10, 11, 12].
It was also recently demonstrated that photoelectron spectro-microscopy is a powerful
method to study the electronic structure and dynamical properties of molecules adsorbed
on surfaces [13].
During the last decade, spectroscopic studies with VUV polarized light have been
largely stimulated by the development of performant VUV sources either high brightness
synchrotron radiation beam lines [14, 15] or coherent nonlinear sources [16, 17, 18, 19]. But
to extract useful information, the state of polarization of the VUV light must be accurately
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determined. Various optical devices based on reflection [20, 21, 22, 23] or transmission
with birefringent material such as MgF2 [24, 25] (but in that case, at energies lower than
the 10.8 eV transparency limit) have been proposed to produce [26] or to probe [27, 28]
VUV polarized light. The use of reflection type analyzers usually necessitates a good
calibration procedure in the VUV energy region in order to characterize the polarization
properties of radiation [29].
Coherent VUV radiation generated by nonlinear frequency mixing presents a number
of advantages such as intensity, high resolving power and adjustable polarization state.
We present in this paper, a detailed analysis of the polarization properties of VUV light
produced at 125 nm by a 4-wave sum-frequency mixing (FWSFM) process ω4 = 2ω1+ω2 in
mercury vapor. The dependence of the polarization state of the VUV radiation is studied
as a function of the polarization state of the visible wave at frequency ω2. The paper
is organized as follows. In section 2 we describe the experimental set-up. In section 3
we present the experimental results obtained when the visible fundamental beam (E2) is
elliptically polarized, the UV beam (E1) being kept linearly polarized . In section 4, the
results are discussed and analyzed. It is demonstrated that use of a two photon (∆J = 0)
resonant four-wave mixing process leads to a convenient polarized VUV source.
2 Experimental setup.
The laser system, which generates intense pulses of VUV radiation has been described
previously in [30]. Briefly, we used only one pulsed dye laser (Quantel TDL50) operating
with a mixture of Rh640 and DCM which is pumped by the green output of a doubled
Nd : YAG laser (Quantel). The tunable visible output laser beam near 626 nm (ω−12 )
is frequency doubled in a type II KDP crystal (ω1 = 2ω2). Behind the KDP crystal,
a ”zig-zag” device, composed of two dichroic mirrors (Rmax for 308 nm) and two right
angle prisms, is used to split and recombine the two UV and visible beams. The two
collinear laser beams are then focused with an achromatic lens (f = 38 cm) in a vapor
pressure mercury cell at room temperature (NHg ∼ 4.1013 at/cm3) closed by a LiF window
(fig.1). With such a specific arrangement it is possible to modify independently the
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polarization of the UV (ω1) and visible (ω2) beams by introducing diﬀerent waveplates.
The entrance and exit windows of the mercury cell have been installed very carefully in
order to avoid stress induced birefringence, which could aﬀect the measurement of the
polarization of the VUV. When scanning the dye laser, two VUV emissions are produced
by the FWSFM process ω4 = 2ω1 + ω2 .The first emission at 1251.4 A˚ is observed when
the doubled dye-laser frequency ω1 is tuned to the two-photon transition 7s1S0 ←6s1S0
(2ω1 = 63928 cm−1). The second emission at 1250.5 A˚ is observed when the doubled
dye-laser frequency ω1 is weakly detuned from the two-photon transition 7s1S0 ←6s1S0
to the blue. The emission intensities are twofold enhanced by resonance eﬀects. A VUV
output Ivuv ≈ 1012 photons/pulse is measured for these two emissions [31].
In the VUV range, transparent birefringent materials are rather scare and reflection
devices are more convenient as polarizers [25]. Also, we used, behind the Hg-cell, a set of
two lithium fluoride (LiF) plates at 45◦ incidence angle which reflects a part of the VUV
beam onto a CsI solar-blind photomultiplier. Moreover, for a total rejection of the UV
and visible beams, a Lyman α interferential filter is placed in front of the photomultiplier.
After amplification, the VUV signal is visualized and stored by a Textronic digitizing
oscilloscope. In this configuration, the LiF plates act as polarizers since their reflectivities
depend strongly on the polarization state of the VUV incident beam. For an incident
angle of 45◦, a ratio Rs/Rp ≈ 8.6 is obtained at 125 nm. In principle, to analyze the
polarization of the VUV light we need to rotate the analyzer composed of the LiF plates.
Nevertheless, experimentally it is much more convenient to rotate the VUV electric field
E4 in front of a fixed polarizer rather than to rotate an analyzer in the vacuum chamber.
This rotation can be readily achieved by rotating simultaneously, by the same angle θ/2,
two half-wave plates L1 and L2 introduced in the ”zig-zag”. The fundamental fields E2
and E1 are then rotated by θ. Due to the isotropic nature of the nonlinear medium this
is equivalent to rotate directly the VUV field E4 by the angle θ. Moreover, a zero-order
quarter-wave plate (L3) is used to make elliptical the polarization of the field E2.
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3 Results.
Initially, the visible (E2) and UV (E1) beams are linearly polarized along the vertical (y)
and the horizontal (x) axis respectively. We have measured the variation of the VUV
intensity reflected by the two LiF plates as a function of the rotation angle (θ/2) of the
two half-wave plates L1 and L2 and for diﬀerent ellipticity ξ of the visible wave, which
is modified by using the quarter-wave plate L3. Some typical curves, obtained for the
emission at 1251.4 are presented on the figure 2 (the field E1 is kept linearly polarized).
If the fundamental beams are both linearly polarized, the VUV wave is then necessarily
linearly polarized. In these conditions, the variation of the VUV intensity on the detector
is sinusoidal (fig.2.a) and the ratio of maximum to minimum signal characterizes the
polarization analyzer eﬃciency. The maxima, which correspond to a s polarized VUV
wave, are observed for θ = 0 or π, and indicate that the VUV field E4 is parallel to
E2. When the visible field E2 becomes elliptically polarized (ξ 6= 0) the signal still varies
sinusoidally, but the amplitude of the oscillations decreases and the curves are shifted
of an angle ψ to the right (fig.2.b) or to the left (fig.2.c) depending on the sign of the
ellipticity ξ. This means, on one hand, that the polarization of the VUV becomes elliptical
and, on the other hand, that the major axis of the ellipse is inclined by an angle ψ with
respect to the vertical direction. We have determined this angle ψ by fitting the variation
of the VUV intensity as function of θ with the curve IVUV = (Imax−Imin) cos2(θ+ψ)+Imin.
The values of ψ obtained for diﬀerent values of the ellipticity ξ are presented on the figure
3. Finally, we have analyzed the polarization of the VUV light when the visible wave is
circularly polarized (ξ = ±1). The result is presented on the figure 2.d. After the fit
procedure the residual degree of linear polarization is given by [32]:
Plin =
Imax − Imin
Imax + Imin
. (1)
Assuming that the VUV wave is completely polarized, its degree of circular polarization
is then determined using [32]:
Pcirc = (1− P 2lin)1/2. (2)
In theses conditions we have measured Pcirc = 99.9% for the emission at 1251.4 A˚ and
Pcirc = 99.8% for the second emission at 1250.5 A˚.
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4 Discussion.
The polarization of the VUV wave generated by FWSFM can be readily analyzed using
the nonlinear third order susceptibilities χ(3). Let us consider two electric fields E1 and
E2 propagating in an isotropic nonlinear medium along the direction bz = bx∧ by (bx, by and
bz are three orthogonal unit vectors). We shall assume the field E1 linearly polarized while
the field E2 is elliptically polarized, and we shall write :
E1 = E1 exp(−iω1t) bx+ cc (3a)
E2 =
E2
1 + ξ2
³
ξ (1 + i) bx+ (1− iξ2) by´ exp(−iω2t) + cc (3b)
where ξ is the ellipticity of the beam at the frequency ω2. These two fields interact
with the nonlinear medium to generate, by FWSFM, an electric field E4 at the frequency
ω4 = 2ω1 + ω2. The amplitude of the nonlinear polarization associated to this process is
given by [33] :
P4µ = ε0
X
γ
χ(3)µxxγ(−ω4;ω1,ω1,ω2)E1xE1xE2γ (4)
where χ(3) is the third order nonlinear susceptibility and µ, γ = [x, y]. In these conditions,
it is straightforward to write the electric field at the frequency ω4.We obtain the relations:
E4 = (E4xbx+E4 yby) exp(−iω4t) + cc (5a)
with E4x ∝
E21E2
2(1 + ξ2)
ξ (1 + i)χ(3)xxxx(−ω4;ω1,ω1,ω2) (5b)
and E4 y ∝
E21E2
2(1 + ξ2)
(1− iξ2)χ(3)yxxy(−ω4;ω1,ω1,ω2) (5c)
where the four non zero independent elements of χ(3) are related by the relation
χ(3)xxxx = χ
(3)
yxxy + χ
(3)
xyxy + χ
(3)
xxyy (6)
From the previous expressions it is clear that the polarization of the electric field E4 is
completely controlled by the polarization of the fundamental field E2. Thus, if the field
E2 is linearly polarized along by (ξ = 0) then, in agreement with the observations (fig.2.a),
the field E4 is also linearly polarized in the same direction (E4x = 0). In the more general
case (ξ 6= 0) the field E4 is elliptically polarized. In particular, when the wave E2 is
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right-handed circularly polarized (ξ = +1), the VUV wave is right-handed elliptically
polarized with the ellipticity ξ4 = +χ(3)yxxy/χ
(3)
xxxx. These remarks are, of course, consistent
with the conservation of the angular momentum in the FWSFM process ω4 = 2ω1 + ω2.
Experimentally, we have observed a circular VUV wave when the field E2 was circularly
polarized (fig.2.d). This means that χ(3)xxxx = χ
(3)
yxxy and therefore that χ
(3)
xyxy = χ
(3)
xxyy = 0.
This is a consequence of the two-photon resonance used to enhance the FWSFM process.
By writing the various polarization vectors in the complex spherical basis (be0 = bz, be±1 =
∓(bx + iby)/√2), the two-photon resonant third order susceptibilities can be factorized
in two parts. The first part gives explicitly the relation between the electric fields, the
second part contains the physics of the atom in the form of reduced matrix elements
and 6j symbols. With use of spherical tensor techniques the third order susceptibility is
proportional to [34, 35]:
χ(3)(−ω4;ω1,ω1,ω2) ∝X
K
(2K+1)−1 hγfJfkα(K)−ω2;ω4 kγgJgi∗ hγfJfkα(K)ω1;ω1 kγfJfi θ(K) (7)
where the label K denotes a spherical-tensor rank, and θ(K) is the angular factor :
θ(K) = (−1)K(bε2 ⊗ bε∗4)(K).(bε1 ⊗ bε1)(K) (8)
In the relation (7), f and g represent the levels involved in the two-photon transition,
Ωfg is a transition frequency, αωi;ωj is the first-order transition hyperpolarisability, bεi is
the polarization unit vector of the field Ei and ⊗ stands for a tensor product. The rank
K is subjected to the selection rule such that (Jf , Jg, K) should obey the triangle rule
[34, 35]. In our experiment the levels f and g are of 1S0 symmetry (Jg = Jf = 0). In this
case, K = 0 and the tensor products in the relation (8) are reduced to the usual scalar
product. The angular factor θ(0) can be readily calculated for the various components
of the nonlinear susceptibility χ(3). Thus, for the components χ(3)xyxy(−ω4;ω1,ω1,ω2) and
χ(3)xxyy(−ω4;ω1,ω1,ω2) the polarization vectors of the fields E4 and E2 are bε4 = 1√2(−be+1+be−1) = bx and bε2 = i√2(be+1 − be−1) = by, therefore θ(0) = 0 and χ(3)xyxy = χ(3)xxyy = 0. At
the reverse, for the elements χ(3)xxxx(−ω4;ω1,ω1,ω2) and χ(3)yxxy(−ω4;ω1,ω1,ω2), we havebε2 = bε4. In this case θ(0) = 1/3 and, from the relation (6), we obtain χ(3)xxxx = χ(3)yxxy. In
theses conditions, the polarization of the VUV wave should be strictly identical to the
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polarization of the wave E2. In particular, the angle ψ should correspond to the rotation
angle of the quarter wave plate L3 from an origin given by the vertical direction. The
function ψ = tan−1(ξ) is plotted on the figure 3 and is in good agreement with the
experimental points. Finally, let us note that in a large number of nonlinear experiments,
with use of metallic vapor or rare gases as nonlinear media, four-wave mixing enhancement
is obtained with Jf = 2 ← Jg = 0 two-photon resonance [36]. In this case K = 2 and
the angular factor θ(2) is always diﬀerent of zero. This imply that χ(3)xyxy = χ
(3)
xxyy 6= 0.
Therefore, in these experiments, if the two-photon transition is excited with linearly
polarized light, the production of circularly polarized VUV light not possible.
5 Conclusion.
We have analyzed in detail the polarization of the VUV light generated by FWSFM
ω4 = 2ω1 + ω2 in mercury vapor at room temperature. Due to the specificity of the two-
photon resonance used to enhance the nonlinear process, we show that the polarization of
VUV wave E4 corresponds exactly to the polarization of the visible wave E2. In particular,
we observe circularly polarized VUV with degree of polarization better than 99%. This
allows a full control of the VUV polarization, which could be a great advantage for future
applications of this VUV source in surface science [37].
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Figures captions.
Figure 1: Experimental setup. The Glan prism is used to obtain a better linear polariza-
tion of the visible wave E2.
Figure 2: Variation of the VUV intensity at 1251.4 A˚with respect to twice the rotation
angle θ/2 of the half-wave plates L1 and L2. The angle ψ characterizes the inclination of
the major axe the VUV with respect to the vertical direction (see text).
Figure 3: Variation of the angle ψ with respect to the ellipticity ξ of the visible wave E2.
The line represents the function ψ = tan−1(ξ).
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